All relevant data are within the paper and its Supporting Information files.

Introduction {#sec001}
============

*Listeria monocytogenes* is a ubiquitous Gram-positive, rod-shaped, psychrophilic, food-borne bacterial pathogen. It is the etiologic agent of listeriosis, an infection characterized by fever, muscle aches, nausea and diarrhea \[[@pone.0236807.ref001]\]. More severe cases can lead to sepsis, meningitis, encephalitis and even death \[[@pone.0236807.ref002]\]. *L*. *monocytogenes* can contaminate raw fruits and vegetables, animal meat, unpasteurized dairy products and processed foods. It is a major concern for both the food industry and public health \[[@pone.0236807.ref003]\].

The environment of swine slaughterhouses can become contaminated with *L*. *monocytogenes*, which can then serve as a source of carcass contamination throughout the processing areas \[[@pone.0236807.ref004]--[@pone.0236807.ref008]\]. A slaughterhouse can be divided into eight operation areas: lairage, stunning, slaughtering and bleeding, dehairing, evisceration, chilling and hanging, cutting and deboning, and freezing and delivery \[[@pone.0236807.ref009]\], and each can become contaminated. Despite the cleaning and sanitary treatment, some *L*. *monocytogenes* strains can persist in the slaughterhouse and persistent strains have been shown to be responsible for repeated food contaminations \[[@pone.0236807.ref010]--[@pone.0236807.ref013]\]. In USA, a year 2000 multi-state listeriosis outbreak was linked to a persistent *L*. *monocytogenes* strain first identified in a 1988 listeriosis case \[[@pone.0236807.ref011]\]. One of the reasons for the occurrence of persistence in *L*. *monocytogenes* strains can be related to their resistance to industrial disinfectants \[[@pone.0236807.ref014]\]. Several studies revealed resistance to quaternary ammonium compounds (QACs) in some *L*. *monocytogenes* strains isolated from different food processing plants \[[@pone.0236807.ref015]--[@pone.0236807.ref017]\]. This resistance may have been caused by the presence of sublethal concentrations of the disinfectants due to the dilution effect that occurs during the industrial sanitation procedures \[[@pone.0236807.ref014]\]. Benzalkonium chloride (BAC) is a type of QAC widely used in slaughterhouses as a broad-spectrum hard surface disinfectant \[[@pone.0236807.ref018]\]. *L*. *monocytogenes* persistent strains often harbor adaptation and resistance genes to BAC, including the *bcrABC* resistance cassette \[[@pone.0236807.ref019]\], and *emrE*, a multidrug transporter gene \[[@pone.0236807.ref020]\].

To the best of our knowledge, in Canada, no study has been carried on the distribution, diversity and persistence of *L*. *monocytogenes* in swine slaughterhouses. Consequently, no information is available on the potential association between the presence of putative *L*. *monocytogenes* persistent strains in swine slaughterhouses and human listeriosis cases in Canada.

Our objectives were: 1) to investigate the distribution of *L*. *monocytogenes* in the processing areas of four swine slaughterhouses; 2) to describe the diversity of *L*. *monocytogenes* strains by pulsed-field gel electrophoresis; 3) to identify persistent *L*. *monocytogenes* strains and describe their distribution; 4) to investigate the associations between persistence of strains and their following characteristics: detection in food isolates, detection in human clinical isolates, presence of BAC resistance genes.

Materials and methods {#sec002}
=====================

Sampling procedures {#sec003}
-------------------

Four swine slaughterhouses, labeled A, B, C and D, which cover 60% (from 20000 to 37500 swine per week) of pork meat production in Quebec, Canada, were sampled four times with a four- to five-month interval between visits, over a 16-month period, from October 2013 to February 2014. All samples were collected at least 12h after in-site cleaning and sanitation, from six different operation areas within the slaughterhouses: 1) lairage, 2) slaughtering and bleeding, 3) dehairing, 4) evisceration, 5) chilling and hanging and 6) cutting and deboning. For each operation area, the surface of different sites, machines and materials, whether in regular contact with carcasses or meat or not, were sampled and are listed in [S1 Table](#pone.0236807.s002){ref-type="supplementary-material"}. Samples from two operation areas, dehairing and evisceration, were grouped together for later analyses purposes. Depending on the sites, machines and materials, the sampling surface varied from 5 cm^2^ for knives to 1 m^2^ for conveyor belts, doors, walls and floors. Before swabbing, each sampling surface was brushed vigorously using a sterile toothbrush to resuspend any possible residues. Fisherbrand lab wipes (Fisher Scientific, Ottawa, ON, Canada), pre-soaked in a D/E (Dey-Engley) neutralizing broth (Innovation Diagnostic, Saint-Eustache, QC, Canada) to neutralize a broad spectrum of disinfectants and antiseptics, were used to swab all sampling surfaces. Following swabbing, each toothbrush and lab wipe pair was transferred into a Nasco Whirl-Pak bag (Fisher Scientific), kept in a cooler with ice packs, and brought to the lab.

Isolation of *L*. *monocytogenes* {#sec004}
---------------------------------

First, 100 ml of a *Listeria* enrichment broth (University of Vermont Medium I; UVM-1; Innovation Diagnostics) was added into each Nasco Whirl-Pak bag containing a toothbrush and the lab wipe, mixed using a Seward Stomacher 400C Lab Blender (Cole-Parmer, Montreal, QC, Canada) for 1 min, and incubated for 48 hr at 30^°^C. *L*. *monocytogenes* were isolated according to Pagotto et al \[[@pone.0236807.ref021]\]. Briefly, after 48 hr, positive UVM-1cultures were streaked on selective COMPASS *Listeria* agar (Innovation Diagnostics), and 10 mL of a second enrichment broth (modified Fraser broth; MFB; Innovation Diagnostics) were inoculated with 100 µL of negative cultures of UVM-1 primary broth and incubated at 35°C for 24 hr. Positive MFB cultures were streaked on selective COMPASS *Listeria* agar (Innovation Diagnostics) and incubated at 37°C for 24h.

Confirmation of *L*. *monocytogenes* isolates was done by testing for beta-hemolysis on sheep blood agar (Oxoid, Nepean, ON, Canada) and carbohydrate metabolism assays using xylose, rhamnose and mannitol. Two colonies per sample were randomly picked from sheep blood agar plates and the *L*. *monocytogenes* species was confirmed by PCR by the detection of *prf*A, *prs*, *lmo0737*, *lmo1118*, *orf2819*, *orf2110*, and *fla*A genes according to Kérouanton, Marault \[[@pone.0236807.ref022]\].

Characterisation of *L*. *monocytogenes* isolates {#sec005}
-------------------------------------------------

### Serotyping {#sec006}

The obtained isolates were serotyped using the *L*. *monocytogenes* antisera for both O- and H-antigens (Denken Seiken Co., Ltd., Tokyo, Japan) according to the manufacturer's instructions.

### Ribotyping {#sec007}

Ribotyping was performed on all isolates with restriction enzyme EcoRI using the RiboPrinter microbial characterization system (DuPont Qualicon, Wilmington, DE, USA), according to the manufacturer\'s instructions and as previously described \[[@pone.0236807.ref023]\].

### Pulsed-Field Gel Electrophoresis (PFGE) typing {#sec008}

One isolate per sample and per ribotype was selected for PFGE typing (i.e. if two isolates from a same sample had different ribotype, both were selected for PFGE typing; otherwise, one isolate was randomly selected). In addition, for a subset of randomly selected samples with two isolates sharing the same ribotype, the two isolates were typed. PFGE typing was performed according to the Center for Disease Control and Prevention (CDC) PulseNet standardized protocol for *L*. *monocytogenes* typing \[[@pone.0236807.ref024]\] using the clamped homogeneous electric fields (CHEF-DR III, Bio-Rad Laboratories, Hercules, CA, USA). DNA was cleaved with ApaI and AscI, (New England Biolabs, Whitby, ON, Canada). *Salmonella* Braenderup was used as a reference bacterial strain and size marker. The PFGE pulsotypes were compared against the PulseNet Canada database, housed at the National Microbiology Laboratory (NML, Winnipeg, MB, Canada).

Distribution of *L*. *monocytogenes*-positive samples {#sec009}
-----------------------------------------------------

The proportion of *L*. *monocytogenes*-positive samples was described according to the seasons, slaughterhouses, operation areas, contact of surfaces with carcasses or meat, and type of surface. A multi-level logistic regression was used to model the probability of detecting *L*. *monocytogenes* according to these five variables. The visit was included as a random effect. The Laplace method was used for estimation. From the full model, a backward manual procedure was used to select the final model, using a *P* \> 0.05 as a criterion for rejection. Odds ratios were used to present results, with *P*-values adjusted for multiples comparisons using Tukey-Cramer tests. Analyses were performed using the GLIMMIX procedure of SAS v 9.4 (SAS Institute Inc., Cary, NC, USA).

*L*. *monocytogenes* pulsotype diversity {#sec010}
----------------------------------------

A PFGE dendrogram was created using a combination of the PFGE fingerprints of both enzymes with BioNumerics version 6.06 (Applied Maths, Inc, Austin, TX, USA) based on the Unweighted pair group method with arithmetic mean (UPGMA) analysis of the Dice similarity coefficient at 1%. The diversity of pulsotypes according to the seasons, slaughterhouses and operation areas was described using rarefaction curves using iNEXT package \[[@pone.0236807.ref025]\] available on R v 3.5.2. To avoid bias due to the method of selection, only one strain per positive sample was randomly selected.

Distribution of *L*. *monocytogenes* persistent pulsotypes {#sec011}
----------------------------------------------------------

A persistent *L*. *monocytogenes* pulsotype was defined as a strain (based on PFGE pulsotype) isolated at least three times in the same slaughterhouse over the 16-month sampling period, with a four- to five-month interval between each sampling visit, in accordance with Keto-Timonen, Tolvanen \[[@pone.0236807.ref026]\] and Ortiz, López \[[@pone.0236807.ref027]\]. A multilevel logistic regression was used to model the contamination (yes/no) of samples with a persistent pulsotype of *L*. *monocytogenes* according to the slaughterhouses and operation areas, as described above for the analysis of *L*. *monocytogenes*-positive samples. This analysis was limited to *L*. *monocytogenes* positive samples, with one randomly selected isolate per sample.

Association between *L*. *monocytogenes* persistent pulsotypes in the swine slaughterhouses and their detection in food and human clinical isolates of *L*. *monocytogenes* {#sec012}
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Each *L*. *monocytogenes* pulsotype was classified either as persistent or not persistent based on criteria described above. They were compared with pulsotypes of *L*. *monocytogenes* isolates from food and human listeriosis cases in Quebec between the years 2000 and 2016 according to the database at the *Laboratoire de santé publique du Québec* (LSPQ; Sainte-Anne-de-Bellevue, QC, Canada). The association between persistence (persistent vs. non-persistent) of the pulsotype and detection in food or human clinical cases, respectively, was evaluated using exact χ². The PFGE pulsotype was used at the unit of analysis.

PCR amplification of the benzalkonium chloride (BAC) *bcrABC* resistance cassette and the *emrE* multidrug transporter gene from *L*. *monocytogenes* isolates {#sec013}
--------------------------------------------------------------------------------------------------------------------------------------------------------------

The presence of the benzalkonium chloride (BAC) *bcrABC* resistance cassette and the *emrE* multidrug transporter gene were screened by PCR on one randomly selected isolate per pulsotype. Briefly, colonies from selected isolates were transferred into a 1.5 ml microcentrifuge tube (FisherScientific), containing 50 µl of Chelex 100 resin (Bio-Rad) at 6% (*w*/*v*) and heated, first at 55°C for 30 min, second at 98 °C for 15 min, put on ice for 3 min and centrifuged for 5 min. The supernatant was transferred to a clean 1.5 ml microcentrifuge tube. The *bcrABC* and the *emrE* amplifications were done with primer pairs described by Elhanafi, Dutta \[[@pone.0236807.ref028]\] and Kovacevic, Ziegler \[[@pone.0236807.ref020]\], respectively, both using Q5 High-Fidelity 2X Master Mix (New England Biolabs) according to the manufacturer's instructions. Amplification products were analyzed on a 1.5% agarose gel.

Benzalkonium chloride minimum inhibitory concentrations {#sec014}
-------------------------------------------------------

*L*. *monocytogenes* resistance to BAC was confirmed phenotypically using a broth dilution assay to determine the minimum inhibitory concentrations (MIC) according to the Clinical and Laboratory Standards Institute \[[@pone.0236807.ref029]\] with minor modifications. Briefly, tryptic soy broth with yeast extract (TSBYE) supplemented with BAC (Sigma-Aldrich, Oakville, ON, Canada) at final concentrations ranging from 0 to 200 ppm (0, 0.78, 0.56, 3.12, 6.25, 12.5, 25, 50, 100 and 200) was inoculated with 10^5^ CFU of an overnight culture of *L*. *monocytogenes* using 96-well plates (Microtest Plate 96 well, Sarstedt, Montreal, QC, Canada). They were incubated at 30 °C for 48 h. The MIC was defined as the lowest concentration of BAC at which the growth of the bacteria was inhibited based on visual assessment. The assay was done in triplicate.

Association between *L*. *monocytogenes* persistent pulsotypes and BAC resistance genes {#sec015}
---------------------------------------------------------------------------------------

The association between resistance to BAC following amplification of either *bcrABC* or *emrE* and confirmation by MIC, and the following variables 1) persistence of the pulsotype and 2) exposure of the site to disinfectants (low vs. high), were tested using an exact χ² test, with the pulsotype as the unit of analysis.

Results {#sec016}
=======

Distribution of *L*. *monocytogenes*-positive samples {#sec017}
-----------------------------------------------------

A total of 2496 samples were collected from different operation areas over a 16-month period within four swine slaughterhouses ([Table 1](#pone.0236807.t001){ref-type="table"} and [S1 Table](#pone.0236807.s002){ref-type="supplementary-material"}) and assayed for the presence of *L*. *monocytogenes*. The bacterium was successfully isolated from 243 samples (9.7%). According to the final multivariable model, the proportion of *L*. *monocytogenes*-positive samples varied significantly according to slaughterhouses, operation areas and type of surface. Compared to slaughterhouse D, the detection of *L*. *monocytogenes* was significantly higher in slaughterhouses A and C (odds ratios (OR) = 1.9 and 3.6; *P* = 0.05 and *P* \< 0.001, respectively; [Table 1](#pone.0236807.t001){ref-type="table"}). No other statistically significant difference was observed between slaughterhouses. Compared to the slaughtering and bleeding area, the detection of *L*. *monocytogenes* was significantly higher in the dehairing and evisceration areas (OR = 5.7, *P* \< 0.001), in the chilling and hanging area (OR = 5.5, *P* \< 0.01), and in the cutting and deboning area (OR = 3.5; *P* \< 0.001; [Table 1](#pone.0236807.t001){ref-type="table"}). Finally, compared to the type of surface (sites, machines and materials), higher detection of *L*. *monocytogenes* was observed for the conveyor belt top side, the conveyor belt bottom side, the environment, the machines, and the pens (OR = 2.7, 3.0, 3.0, 2.6 and 4.0, respectively; all *P* ≤ 0.05; [Table 1](#pone.0236807.t001){ref-type="table"}). The season and contact of surfaces with carcasses or meat were not significantly associated with *L*. *monocytogenes* positivity and thus were not kept in the final model.

10.1371/journal.pone.0236807.t001

###### Distribution of *L*. *monocytogenes*-positive samples in four slaughterhouses in Québec, between October 2013 and February 2015.

![](pone.0236807.t001){#pone.0236807.t001g}

  Characteristics                                                 Number of samples   Number (%) of *L*.* monocytogenes-* positive samples   Odds ratios[^a^](#t001fn002){ref-type="table-fn"}                       
  --------------------------------------------------------------- ------------------- ------------------------------------------------------ ----------------------------------------------------------------------- ---------
  **Seasons**                                                                                                                                                                                                        
  Fall                                                            624                 44 (7.1)                                               Not included in the final model[^c^](#t001fn004){ref-type="table-fn"}   
  Winter                                                          936                 90 (9.6)                                                                                                                       
  Spring                                                          468                 52 (11.1)                                                                                                                      
  Summer                                                          468                 57 (12.2)                                                                                                                      
  **Slaugherhouses**                                                                                                                                                                                                 
  A                                                               624                 58 (9.3)                                               1.9                                                                     0.05
  B                                                               624                 55 (8.8)                                               1.8                                                                     0.08
  C                                                               624                 98 (15.7)                                              3.6                                                                     \<0.001
  D                                                               624                 32 (5.1)                                               Ref                                                                     
  **Operation areas**                                                                                                                                                                                                
  Lairage                                                         848                 68 (8.0)                                               1.5                                                                     0.55
  Slaughtering and bleeding                                       288                 10 (3.5)                                               Ref                                                                     
  Dehairing and evisceration                                      368                 51 (13.9)                                              5.7                                                                     \<0.001
  Chilling and hanging                                            128                 24 (18.8)                                              5.5                                                                     \<0.01
  Cutting and deboning                                            864                 90 (10.4)                                              3.5                                                                     \<0.001
  **Contact of surfaces with carcasses or meat**                                                                                                                                                                     
  Yes                                                             912                 86 (9.4)                                               Not included in the final model[^c^](#t001fn004){ref-type="table-fn"}   
  No                                                              1584                157 (9.9)                                                                                                                      
  **Type of surface**[^**d**^](#t001fn005){ref-type="table-fn"}                                                                                                                                                      
  Conveyor belt top side                                          160                 19 (11.9)                                              2.7                                                                     \<0.01
  Conveyor belt bottom side                                       160                 21 (13.1)                                              3.0                                                                     \<0.01
  Environment                                                     656                 86 (13.1)                                              3.0                                                                     \<0.001
  Machines                                                        256                 27 (10.6)                                              2.6                                                                     \<0.01
  Pens                                                            800                 65 (8.1)                                               4.0                                                                     0.04
  Materials                                                       464                 25 (5.4)                                               Ref                                                                      

Ref: Reference category used for odds ratios.

^a^ Odds ratios from multi-level multivariable logistic regression model.

^b^ *P*-value adjusted for multiple comparison (Tukey-Cramer).

^c^ Rejected from the final multivariable model (*P*-value\>0.05 during backward selection)

^d^ Sites, machines and materials are described in [S1 Table](#pone.0236807.s002){ref-type="supplementary-material"}.

Characterization of *L*. *monocytogenes* isolates {#sec018}
-------------------------------------------------

Two unique isolates were obtained from 231 of the 243 *L*. *monocytogenes*-positive samples and one isolate from the remaining12 samples, for a total of 474 *L*. *monocytogenes* isolates. They were characterized by serotyping. The same serotype was observed for the two isolates in 95.2% (220) of the 231 samples. A sub-total of 217 samples (89.7%) contained at least one *L*. *monocytogenes* isolate from serotypes, 1/2a, 1/2b and/or 1/2c ([Table 2](#pone.0236807.t002){ref-type="table"}).

10.1371/journal.pone.0236807.t002

###### Distribution of *L*. *monocytogenes*-positive samples according to serotypes detected in at least one isolate in four slaughterhouses in Québec.

![](pone.0236807.t002){#pone.0236807.t002g}

   Serotypes    Slaughterhouses                                                   
  ------------- ----------------- ------ ---- ------ ---- ------ ---- ------ ---- ------
  **1/2a**      29                50.0   37   67.3   11   11.3   14   43.8   91   37.6
  **1/2b**      4                 6.9    8    14.6   56   57.7   12   37.5   80   33.1
  **1/2c**      19                32.8   8    14.6   22   22.7   2    6.3    51   21.1
  **3a**        \-                \-     \-   \-     \-   \-     5    15.6   5    2.1
  **3b**        \-                \-     \-   \-     7    7.2    \-   \-     7    2.9
  **3c**        \-                \-     \-   \-     1    1.0    1    3.1    2    0.8
  **4a**        10                17.2   \-   \-     \-   \-     \-   \-     10   4.1
  **4b**        \-                \-     3    5.5    4    4.1    \-   \-     7    2.9

n: number of *L*. *monocytogenes*-positive samples with the serotype detected in at least one isolate.

%: relative to the number of *L*. *monocytogenes*-positive samples in each slaughterhouse A, B, C or D, or in all slaughterhouses.

The 474 isolates were also characterized by ribotyping. A total of 18 ribotypes were conclusively identified and three additional ribotypes were tentatively identified. The ribotypes DUP-19165 (103 isolates from 57 samples), DUP-16619 (85 isolates from 46 samples), DUP-18627 (49 isolates from 26 samples) and DUP-1052 (45 isolates from 45 samples) were the most common confirmed ribotypes ([S2 Table](#pone.0236807.s003){ref-type="supplementary-material"}).

A sub-total of 321 isolates from 241 *L*. *monocytogenes*-positive samples were characterized by PFGE; one isolate was typed from 161 samples, two isolates having different ribotypes were typed from 69 samples, and two isolates sharing the same ribotype were typed from 11 samples. Overall, a total of 58 pulsotypes were revealed. Two different pulsotypes were detected in 10/69 samples with two isolates sharing a single ribotype, and 11/11 samples with two isolates having a different ribotype. Interestingly, 19 of these 58 pulsotypes, were novel additions in the PulseNet Canada database ([Fig 1](#pone.0236807.g001){ref-type="fig"}). Seven pulsotypes were detected in at least one *L*. *monocytogenes* isolate from 10 different samples ([Fig 1](#pone.0236807.g001){ref-type="fig"}). Pulsotypes LS4 and LS24 were the most common and included the highest number of *L*. *monocytogenes* isolates, 34 (from 28 samples) and 33 (from 24 samples), respectively.

![Representation of the number of *L*. *monocytogenes*-positive samples according to their pulsotype.\
The persistent pulsotypes are colored in red. The newly discovered pulsotypes (absent from the PulseNet Canada database prior to our study) are labeled with an asterisk.](pone.0236807.g001){#pone.0236807.g001}

A dendrogram of the PFGE profiles based on ApaI and AscI restriction enzymes from the 58 pulsotypes is shown in Fig [2A and 2B](#pone.0236807.g002){ref-type="fig"}, respectively. Three lineages, I, II and III, were identified. Lineages I and II include 24 and 33 pulsotypes, respectively. Lineage III includes a single pulsotype. Serotypes 1/2a and 1/2b are predominantly present and comprise 18 and 17 pulsotypes, distributed mainly in lineages II and I, respectively. Serotype 1/2c comprises 13 pulsotypes, all in lineage II. Serotypes 3a, 3b, 4a and 4b comprise 2, 3, 1 and 4 pulsotypes, respectively. The single pulsotype in lineage III is the sole member of serotype 4a.

![Dendrogram of PFGE-ApaI (A) and AscI (B) profiles from 58 *L*. *monocytogenes* pulsotypes.](pone.0236807.g002){#pone.0236807.g002}

Distribution of *L*. *monocytogenes* pulsotypes according to the slaughterhouse {#sec019}
-------------------------------------------------------------------------------

The distribution of the 58 pulsotypes varied according to the slaughterhouse. A total of 33 different pulsotypes were isolated from slaughterhouse C. Eleven, 13 and 13 different pulsotypes were isolated from slaughterhouses A, B and D, respectively ([Fig 3](#pone.0236807.g003){ref-type="fig"}). Ten pulsotypes were present in more than one slaughterhouse. A single pulsotype, LS4 (serotype 1/2a), was present in all four slaughterhouses. Pulsotypes LS12 (1/2c) and LS24 (1/2c) were only present in slaughterhouses A and B; LS2 (1/2a) only in A and C, LS45 (1/2b) in A and D, LS37 (1/2b) in B and C, and LS47(3c), LS50 (1/2b), LS51(1/2a) and LS58 (1/2c) in C and D ([Fig 3](#pone.0236807.g003){ref-type="fig"}).

![Venn diagram with the numbers of shared pulsotypes among the four slaughterhouses A, B, C and D.](pone.0236807.g003){#pone.0236807.g003}

Diversity of *L*. *monocytogenes* pulsotypes according to seasons, slaughterhouses and operation areas {#sec020}
------------------------------------------------------------------------------------------------------

According to the rarefaction curves, the *L*. *monocytogenes* pulsotype diversity was the lowest in fall ([Fig 4A](#pone.0236807.g004){ref-type="fig"}) and was significantly lower in fall than in summer ([Fig 4B](#pone.0236807.g004){ref-type="fig"}, [S1 Fig](#pone.0236807.s001){ref-type="supplementary-material"}). The *L*. *monocytogenes* pulsotype diversity was significantly higher in slaughterhouse C compared to A and B (Fig [4C and 4D](#pone.0236807.g004){ref-type="fig"}). No significant differences were observed in the diversity between operation areas.

![Pulsotype diversity over the number of *L*. *monocytogenes* isolates collected from all four swine slaughterhouses.\
A) according to the four seasons. B) according to two seasons, summer and fall. C) according to the four slaughterhouses, A, B, C and D. D) according to the slaughterhouses A, B, C. E) according to five operation areas. One characterized isolate per sample was selected randomly.](pone.0236807.g004){#pone.0236807.g004}

Distribution of *L*. *monocytogenes* persistent pulsotypes {#sec021}
----------------------------------------------------------

Eight pulsotypes, (LS1, LS2, LS4, LS5, LS7, LS25, LS35 and LS45) were defined as persistent. The proportion of persistent pulsotypes was statistically similar in all slaughterhouses except for C ([Table 3](#pone.0236807.t003){ref-type="table"}). The OR of contamination with a persistent pulsotype was significantly higher in slaughterhouses A, B and D compared to slaughterhouse C (OR = 14.4, 5.4 and 9.6 respectively; all *P* \< 0.01). In the disinfected operation areas of the slaughterhouse, *i*.*e*. dehairing and evisceration, chilling and hanging, and cutting and deboning areas, the OR of sample contamination with persistent pulsotype was significantly higher compared to the lairage operation area (OR = 6.7, 7.5 and 36.5 with *P* = 0.02, *P* = 0.05 and *P* \< 0.001, respectively; [Table 3](#pone.0236807.t003){ref-type="table"}). Moreover, the OR was higher in the cutting and deboning areas compared to the dehairing and evisceration areas (OR = 4.89, *P* \< 0.01).

10.1371/journal.pone.0236807.t003

###### Distribution of *L*. *monocytogenes*-positive samples and persistent pulsotypes in four slaughterhouses in Québec.
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  Characteristics              Number of samples[^a^](#t003fn002){ref-type="table-fn"}   Number (%) with persistent strains   Odds ratios[^b^](#t003fn003){ref-type="table-fn"}   
  ---------------------------- --------------------------------------------------------- ------------------------------------ --------------------------------------------------- ---------
  **Slaughterhouses**                                                                                                                                                             
  A                            58                                                        33 (56.9%)                           14.4                                                \<0.001
  B                            54                                                        32 (59.3%)                           5.4                                                 \<0.01
  C                            97                                                        12 (12.4%)                           Ref                                                 
  D                            32                                                        13 (40.6%)                           9.6                                                 \<0.01
  **Operation areas**                                                                                                                                                             
  Lairage                      68                                                        5 (7.4%)                             Ref.                                                
  Slaughtering and bleeding    10                                                        3 (30.0%)                            9.0                                                 0.15
  Dehairing and evisceration   51                                                        13 (25.5%)                           6.7                                                 0.02
  Chilling and hanging         23                                                        8 (34.8%)                            7.5                                                 0.05
  Cutting and deboning         89                                                        61 (68.5%)                           36.5                                                \<0.001

Ref.: Reference category used for odds ratios.

^a^ Only *L*. *monocytogenes*-positive samples from the 241 samples with at least one isolate characterized by PFGE were included (two samples were missing). One isolate per sample was randomly selected.

^b^ Odds ratios from multi-level multivariable logistic regression model.

^c^ *P*-value adjusted for multiple comparison (Tukey-Cramer).

Association between *L*. *monocytogenes* persistent pulsotypes and detection in food and clinical human listeriosis cases {#sec022}
-------------------------------------------------------------------------------------------------------------------------

Of the 58 different *L*. *monocytogenes* pulsotypes isolated in our study, 11 were detected at least once in food and/or human listeriosis cases. A sub-total of six pulsotypes (LS7, LS11, LS14, LS19, LS24 and LS28) were isolated only from food, one (LS31) was isolated only from human listeriosis cases, and four (LS1, LS2, LS4 and LS57) from both food and human listeriosis cases. The 19 newly identified pulsotypes were not included in this analysis since it was not possible to match them with pulsotypes in the LSPQ database of food and human listeriosis cases.

Statistically significant associations between *L*. *monocytogenes* persistent pulsotypes and their detections in food or human listeriosis cases were revealed. From the ten pulsotypes observed in food, five (50%) were persistent whereas only two (6.9%) from the pulsotypes not observed in food were persistent ([Fig 5](#pone.0236807.g005){ref-type="fig"}, *P* \< 0.01, exact χ²). Similarly, from the five pulsotypes observed in human listeriosis cases, three (60%) were persistent whereas only four (11.8%) from the 34 pulsotypes not observed in human listeriosis cases were persistent ([Fig 5](#pone.0236807.g005){ref-type="fig"}, *P* \< 0.01, exact χ²).

![Proportion of persistent *L*. *monocytogenes* pulsotypes observed in food isolates and human listeriosis cases from 2000 to 2016 in Quebec according to the database of the *Laboratoire de santé publique du Québec* (LSPQ).\
\*\*: *P* \< 0.01.](pone.0236807.g005){#pone.0236807.g005}

Association between *L*. *monocytogenes* persistent pulsotypes and BAC resistance genes {#sec023}
---------------------------------------------------------------------------------------

The presence of BAC resistance genes was strongly associated with *L*. *monocytogenes* pulsotypes designated persistent (*P* \< 0.01, exact χ²). Among the 14 pulsotypes harboring the BAC resistance genes, six (42. 8%) were persistent. Comparatively, only two (4.5%) from the 44 pulsotypes without the BAC resistance genes were persistent ([Fig 6](#pone.0236807.g006){ref-type="fig"}). Interestingly, the *emr E* gene was found only in *L*. *monocytogenes* pulsotype LS1 belonging to the clonal complex 8 (CC8).

![Proportion of persistent *L*. *monocytogenes* pulsotypes harboring the benzalkonium chloride *bcrABC* resistance cassette and/or the *emrE* multidrug transporter gene.\
\*\*: *P* \< 0.01.](pone.0236807.g006){#pone.0236807.g006}

The MICs of *L*. *monocytogenes* isolates harboring *bcrABC* or *emrE* (n = 14) were 6.2 ppm and 3.2 ppm, respectively. Conversely, the MICs of *L*. *monocytogenes* isolates lacking both *bcrABC* and *emrE* were two- to eight-fold lower.

The presence of BAC resistance genes in *L*. *monocytogenes* pulsotypes was tested for its association to the level of site exposure to disinfectants. No significant association was revealed (*P* = 0.8, exact χ²; [Fig 7](#pone.0236807.g007){ref-type="fig"}).

![Proportion of *L*. *monocytogenes* pulsotypes harboring the benzalkonium chloride *bcrABC* resistance cassette and/or the *emrE* multidrug transporter gene relative to their origin, the most (yes) vs. the least exposed (No) sites to disinfectants.\
N.S: *P* \> 0.05.](pone.0236807.g007){#pone.0236807.g007}

Discussion {#sec024}
==========

*L*. *monocytogenes* isolate diversity has been studied in the pork meat production chain in European countries \[[@pone.0236807.ref007], [@pone.0236807.ref027], [@pone.0236807.ref030]--[@pone.0236807.ref034]\], However, to the best of our knowledge, our study is the first extensive survey of the distribution, diversity and persistence of *L*. *monocytogenes* isolates in the various operation areas in swine slaughterhouses over a 16-month period. The overall proportions of *L*. *monocytogenes*-positive samples in slaughterhouses was in agreement with those previously reported European countries \[[@pone.0236807.ref005], [@pone.0236807.ref027]\] when the sampling was done following cleaning and sanitation ([Table 1](#pone.0236807.t001){ref-type="table"}). The detection frequency of *L*. *monocytogenes* on surfaces before cleaning and sanitation seems to be higher and was reported to reach up to 33% \[[@pone.0236807.ref032], [@pone.0236807.ref033]\]. In contrast, the probability of contamination of surfaces observed in our study was relatively low (9.7%, [Table 1](#pone.0236807.t001){ref-type="table"}) as compared with the 24% reported for raw materials and pork products \[[@pone.0236807.ref027]\] which could be explained by re-contamination during the post-slaughtering operation areas \[[@pone.0236807.ref006], [@pone.0236807.ref035], [@pone.0236807.ref036]\].

We observed a higher level of surface contamination with *L*. *monocytogenes* in plant C compared to slaughterhouse D ([Table 1](#pone.0236807.t001){ref-type="table"}). One reason could be related to the export activity of the slaughterhouse D where the implemented pathogen surveillance is more rigorous to meet export requirements. The dehairing and evisceration, chilling and hanging and cutting and deboning areas were the more likely contaminated by *L*. *monocytogenes* compared to the lairage and slaughtering areas ([Table 1](#pone.0236807.t001){ref-type="table"}). These results could be explained by meat product acting as a source of environmental contamination, considering the high probability of meat raw products contamination reported in previous studies \[[@pone.0236807.ref004], [@pone.0236807.ref005], [@pone.0236807.ref027]\]. The practice of evisceration could increase the environmental contamination risk given the presence of *L*. *monocytogenes* in many parts of a pig, such as the tongue and tonsils. Indeed, the prevalence of this pathogen in the evisceration step can be as high as 24% \[[@pone.0236807.ref027], [@pone.0236807.ref037]\]. Moreover, a competition factor should be taken into consideration in the chilling and hanging and the cutting and deboning areas, where contamination by mesophilic bacteria could be at its lowest numbers in favor of the psychrophilic *L*. *monocytogenes* growth \[[@pone.0236807.ref038], [@pone.0236807.ref039]\]. Previous studies have proposed that the chilling and cutting rooms could be the most likely source of raw product contamination due to their high probability of *L*. *monocytogenes* contamination \[[@pone.0236807.ref006]\].

Serotypes 1/2a and 1/2b were the most frequently *L*. *monocytogenes* serotypes observed ([Table 2](#pone.0236807.t002){ref-type="table"}). This is in agreement with previous studies conducted following cleaning and sanitation procedures \[[@pone.0236807.ref004], [@pone.0236807.ref027], [@pone.0236807.ref040]--[@pone.0236807.ref042]\]. Conversely, in a recent study by Meloni *et al*., the serotype 1/2c was the most frequently observed \[[@pone.0236807.ref032]\]. However, because the sampling was done before the cleaning and sanitation procedures \[[@pone.0236807.ref032]\], it is tempting to speculate that the latter affects the survival of the serotypes. Our results suggest that serotype 1/2a and 1/2b would better survive the cleaning and sanitation procedures.

A total of 58 different pulsotypes were identified by PFGE typing ([Fig 1](#pone.0236807.g001){ref-type="fig"}). Here, only one isolate per sample was typed for most samples harboring isolates with identical ribotypes. Considering that 14.5% of the 69 randomly selected samples with identical ribotypes had different pulsotypes, the presence of certain pulsotypes could have been missed. The selection of one isolate by sample could have resulted in an underestimation of the pulsotype diversity and/or of the proportion of samples with persistent strains. However, this should not have biased our results on the comparison of diversity and/or strain persistence between slaughterhouses, seasons or operation areas, as only one randomly selected isolate per sample was kept in these analyses to ensure group comparability.

In our study, the diversity of *L*. *monocytogenes* strains appears to be season-dependent. It was higher in summer than in fall. It is difficult to pinpoint the factors behind this difference. On the other hand, however, the non-significant differences in the detection level of *L*. *monocytogenes* between seasons suggests that strains diversity would not be dependent on prevalence.

Slaughterhouse C showed a higher *L*. *monocytogenes* diversity compared to slaughterhouses A and B ([Fig 4](#pone.0236807.g004){ref-type="fig"}). Interestingly, this slaughterhouse had a higher production capacity. The three other slaughterhouses, A, B and D, were supplied only by local farms (S. Fournaise, personal communication). Interestingly, the high prevalence of L. *monocytogenes* in the slaughterhouse C appears to be correlated to the higher diversity of pulsotypes found in this plant ([S1 Fig](#pone.0236807.s001){ref-type="supplementary-material"}).

Surprisingly, the proportion of persistent strains among *L*. *monocytogenes*-positive samples was lower in slaughterhouse C ([Table 3](#pone.0236807.t003){ref-type="table"}). One explanation could be related to a less efficient cleaning and disinfection in this slaughterhouse, therefore reducing the selective pressure on persistent strains. At the operation areas following slaughtering and bleeding, the increasing proportion of isolates from persistent strains over the slaughtering process was noticeable ([Table 3](#pone.0236807.t003){ref-type="table"}). This could be explained by differences in the disinfection protocols. Indeed, the lairage and slaughtering and bleeding areas were in proximity and had similar cleaning and sanitation procedures. They were subjected to weekly disinfections using alcohol (70; % *v*/*v*) and potassium monopersulfate (1%; *m*/*v*)-based disinfectants. In the other operation areas (i.e. dehairing and evisceration, chilling and hanging, cutting and deboning), the disinfection was done daily using QACs (from 150 to 200 ppm), thus, *L*. *monocytogenes* strains were subjected to the same environmental conditions. Furthermore, the emergence of resistance or tolerance to QAC could be favored in the presence of sub-optimal concentrations of the disinfectant on localized wet surfaces due to a dilution effect, as reported in many studies \[[@pone.0236807.ref014], [@pone.0236807.ref017], [@pone.0236807.ref043], [@pone.0236807.ref044]\]. Furthermore, complex equipment and machines present in the dehairing and evisceration, cutting and deboning areas could favor the establishment of harborage sites, which are often present in food equipment and premises \[[@pone.0236807.ref045], [@pone.0236807.ref046]\].

Because of the importance of *L*. *monocytogenes* persistent strains in food contamination and, as a consequence to the risk for human health, we aimed to study whether the persistent profiles were more likely to be detected in food and human listeriosis strains. We observed a significant association ([Fig 5](#pone.0236807.g005){ref-type="fig"}), which may indicate a high presence of these persistent profiles throughout Quebec, leading to repeated contamination of food and, more importantly, suggesting that these pulsotypes have been present in food and/or food processing environments over the last decade. Interestingly, the S2 and S4 pulsotypes are frequently isolated from sporadic cases of listeriosis (S. Bekal, unpublished data) and the persistent S1 pulsotype belonging to the CC8 is the predominant clone that has been present in listeriosis outbreaks in Canada for more than two decades \[[@pone.0236807.ref047]\]. A previous study showed that one persistent *L*. *monocytogenes* strain isolated over a 12-year period in a food processing facility was associated with repeated listeriosis outbreaks \[[@pone.0236807.ref011]\]. Nonetheless, our study design does not allow us to determine if the strains isolated from human listeriosis cases originated from the slaughterhouses included in our study.

The significant association between specific *L*. *monocytogenes* pulsotype persistence and resistance to BAC, as confirmed by MIC, provides important insights about how these persistent strains can survive in the slaughterhouse over a long period. In the present study, we showed that either the *bcrABC* resistance cassette or the *emrE* gene, or both, were present in persistent *L*. *monocytogenes* strains. In other studies, BAC resistance genes have been reported in *L*. *monocytogenes* strains from food processing facilities, with different prevalences in various region in the world \[[@pone.0236807.ref014], [@pone.0236807.ref044], [@pone.0236807.ref048]--[@pone.0236807.ref050]\]. However, only a few studies have shown an association between persistence of *L*. *monocytogenes* strains and the presence of resistant genes to BAC \[[@pone.0236807.ref043], [@pone.0236807.ref044]\]. In this study, we observed that the proportion of *L*. *monocytogenes* strains with resistant genes to BAC was significantly higher in persistent strains than in non-persistent ones, suggesting that the resistance to BAC may be an important contributor to the persistence of *L*. *monocytogenes* strains in the studied slaughterhouses.

Conclusion {#sec025}
==========

This study provides for the first report on the presence, distribution and persistence of *L*. *monocytogenes* strains in Canadian swine slaughterhouses. Our study found a wide diversity of *L*. *monocytogenes* isolates in slaughterhouses, indicative of their ability to survive and grow within different environment conditions. Furthermore, the high prevalence of persistent *L*. *monocytogenes* strains in the slaughterhouse cutting and deboning operation area should be taken into consideration. Meat contamination by persistent strains in the operation area could be carried over to the downstream pork meat processing facilities and would pose a risk to human health.

Supporting information {#sec026}
======================

###### Pulsotype diversity of *L*. *monocytogenes* isolated from four swine slaughterhouses in Quebec, Canada.

A. Pulsotype diversity according to the seasons (A: Fall, B: Winter, C: Spring, D: Summer). B. Pulsotype diversity according to slaughterhouses (A, B, C, D). C. Pulsotype diversity according to the operation areas in the slaughterhouse (A: Lairage, B: Slaughtering and bleeding, C: Dehairing and evisceration, D: Chilling and hanging, E: Cutting and deboning)

(PDF)

###### 

Click here for additional data file.

###### Sampling of four swine slaughterhouses in Quebec, Canada, for the isolation of *L*. *monocytogenes*.

(PDF)

###### 

Click here for additional data file.

###### Characteristics of the sample of origin, typing results, and resistance to QACs of the 474 *L*. *monocytogenes* isolates.

(XLSX)

###### 

Click here for additional data file.
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We would like to thank the reviewers for their time and constructive comments, which definitely help to improve the quality of our manuscript.

Reviewer \#1

In this manuscript, the authors provided a deep analysis of L. monocytogenes distribution in the pork production chain from Quebec, Canada, demonstrating risk factors and relevance of production aspects on the presence of persistent strains, and also correlated with isolates previously obtained from other samples. Minor review is suggested:

1\. Please, provide results to support your comments. like in lines 33-34: how these proportions varied based on slaughterhouses and operation areas?

Response: The range in proportions for slaughterhouses and operation areas were added in the Abstract (lines 34-35).

2\. Line 35-37: please, delete "..according to our definition (i.e isolated at least three times in the same slaughterhouse over the 16-month period, with a four- to five-month interval between each sampling visit)"

Response: This part of the sentence was deleted as suggested.

3\. Line 38: indicate p value for the significant finding.

Response: P-values were added for each of the two comparisons (lines 38-40).

4\. Line 40: how much these genes were more frequent in persistent strains?

Response: We modified the sentences in the Abstract to better present this association, including the frequency in each group (lines 39-41).

5\. Line 40-42: I would expect a much more interesting conclusion than this... this is already known... maybe you can add information related to resistance strains in this conclusion, a real important result.

Response: We improved the conclusion in the Abstract (lines41-44).

6\. Line 50: replace Listeria by L.

Response: The correction was done. We performed a full-text search and corrected another occurrence of the same error.

7\. Line 62-65: this information is important! The authors need to provide further information about resistance of L. monocytogenes to sanitizers and how this is relevant to result in strain persistence. Then, you can address information about quaternary ammonium compounds and Listeria resistance.

Response: We added more information according to the literature (lines 61-71).

8\. Line 66-69: this information could be better merged with the paragraph 53-61... in the present format is loose.

Response: True. We merged the two paragraphs in order to be more coherent (lines 61-71).

9\. Line 102: replace Listeria by L.

Response: Correction was provided within the text.

10\. Line 112-113: please, indicate the target gene considered to confirm the isolates as L. monocytogenes.

Response: Target genes are now listed in the text (prfA, prs, lmo0737, lmo1118, orf2819, orf2110, and flaA genes) (line 120).

11\. Line 187: replace Listeria by L.

Response: Correction was provided within the text.

12\. Please, consider presenting the digestion profiles in figures, to allow the reader to visualize them and check their quality.

Response: Thank you for your comment. We have added the gel images to the dendrogram in Figures 2A and 2B.

13\. Discussion: please, indicate the figures and tables with the obtained results to support your discussion.

Response: We have added references to the Tables and Figures throughout the Discussion, as suggested.

Reviewer \#2

Reviewer \#2: The manuscript PONE-D-20-16869 "Distribution, diversity and persistence of Listeria monocytogenes in swine slaughterhouses and their association with food and human listeriosis strains" represents a very good application of typing methods and statistical logistic regression for the study of L. monocytogenes dissemination within slaughterhouses. It is also very interesting in discussing the persistency in relation to sample sources, type and presence of disinfectant resistance. However, I suggest some improvements below:

1\. Abstract: need specification on statistical methods used for assessing association between persistency and virulence/resistance

Response: An exact chi-square test was used for these analyses; this precision was added in the Abstract as suggested (lines 38, 41) .

2\. Introduction: Line 55-57 need clarification.

Response: Agreed. Some text was added to improve clarification (lines 55-57).

3\. Materials and Methods: Line 97: what do you mean by "put on ice". Please, clarify.

Response: "put on ice" has been replaced by "... kept in a cooler with ice packs..." (line 103).

4\. Line 123-125: please clarify.

Response: This sentence now reads as "One isolate per sample and per ribotype was selected for PFGE typing (i.e. if two isolates from a same sample had different ribotype, both were selected for PFGE typing; otherwise, one isolate was randomly selected). In addition, for a subset of randomly selected samples with two isolates sharing the same ribotype, the two isolates were typed." We hope that the sentence is now clearer.

5\. Line 158-163: redundancy with the previously presented statistical methods.

Response: We replace "(...) with the visit included as a random effect. The GLIMMIX procedure of SAS v 9.4 (SAS Institute Inc., Cary, NC, USA) was used with Laplace estimation. Odds ratios were used to present results, with P-values adjusted for multiples comparisons using Tukey-Cramer tests" by "as described above or the analysis of L. monocytogenes-positive samples. " (lines 174-175).

6\. Line 195: "visually observed" needs clarification.

Response: The sentence now reads as: "The MIC was defined as the lowest concentration of BAC at which the growth of the bacteria was inhibited based on visual assessment ". (lines 211-212)

7\. Results: Line 233-235: try to clarify the sentence to make numbers clearer.

Response: We understand that the direct reference to odds ratios can lead to cumbersome sentences. We rephrase them to put emphasis on the direction of the associations. (lines 281-292)

8\. Line 242: check the table notes.

Response: The superscript was removed when referring to an abbreviation and kept otherwise (all Tables were revised accordingly).

9\. Line 302-304: no need, already stated in M and M

Response: Agreed. This sentence was removed.

10\. Discussion: Line 372: check was/is.

Response: "is" was deleted.

11\. Line 376-381: clarify sentence and explain better what do you mean by "subjectively observed ..." what was observed to conclude that in one premise the cleaning practices were more effective? Check lists? Observation of some particular aspects?

Response: Thank you for your comment. Because we had no additional information or data to confirm our observations, we chose to delete these sentences.

12\. Line 396-399 need some more support, maybe a table, if not is just conjecture

Response: Agreed. It was conjecture. We have chosen to delete this paragraph because we had no information to support these hypotheses.

13\. Line 406-412: too much speculation

Response: We agree. Thank you for raising the point. These sentences were removed as they could lead to over-interpretation.

14\. Line 415: ok, but you need to discuss more in depth the meaning of the underestimation of variability. Could it impair your results or conclusion?

Response: We added the following information in this paragraph: "The selection of one isolate by sample could have resulted in an underestimation of the pulsotype diversity and/or of the proportion of samples with persistent strains. However, this should not have biased our results related to the comparison of diversity and/or strain persistence between slaughterhouses, seasons or operation areas, as only one randomly selected isolate per sample was kept for theses analyses to ensure group comparability".

15\. Line 432-437: need more explanation on the differences in cleaning.

Response: We added the following explanation in these differences:" The lairage and slaughtering and bleeding areas were located closed to each other and had similar cleaning and sanitation procedures. They were subjected to a weekly disinfection using alcohol (70 %; v/v) and potassium monopersulfate (1 %; m/v) based disinfectants. In the other operation areas (i.e. dehairing and evisceration, chilling and hanging, cutting and deboning), the disinfection was done daily using QACs (from 150 to 200 ppm), thus, L. monocytogenes strains were subjected to the same environmental conditions".

16\. Line 438-439: speculation (did you see these evidence during your visits?):
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